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Abstract
Enset is a large, single-stemmed perennial herbaceous plant domesticated as
a staple food crop only in Ethiopia. Khat is a perennial plant cultivated for
its economically important leaves and twigs that are the sources of stimulant
when chewed. We address the issue of yield estimation of both crops, as
they are important for the livelihoods of smallholders in the home garden
systems in Southern Ethiopia and have received little attention so far. The
objective of this study was to develop linear allometric models for estimating
the edible (food and feed) and commercial yields of enset and khat plants,
respectively. Data were collected from 20 enset and 100 khat plants. Diameter
at 50-cm height (d50), pseudostem height (hp) and their combination were good
predictor variables for the food products of enset with adjusted R2 values above
0.85, while d50, hp, edible pseudostem height (hep), total height (ht) and their
combination were good predictor variables for the feed products of enset with
adjusted R2 values above 0.70. For dwarf khat plants crown area (ca) combined
with total height (ht) resulted in the best prediction with an adjusted R
2 of 0.77,
while the leaf and twig dry weight for tall khat plants was best predicted by ca
with adjusted R2 of 0.43. In all cases linear models were used.
Introduction
Enset (Enset ventricosum (Welw.) Cheesman) is produced
in the home gardens of southern and southwestern
Ethiopia and provides food for more than 15 million peo-
ple (Abebe et al., 2010). Enset is a large, single-stemmed
perennial herbaceous banana-like plant, domesticated as
a staple food crop only in Ethiopia (Brandt et al., 1997;
Negash & Niehof, 2004). Besides being a food source,
enset leaves are a key livestock feed and used as mulch to
reduce soil erosion and runoff (Amede & Taboge, 2005).
Khat (Catha edulis Forsk) is a ﬂowering woody peren-
nial plant, grown for its economically important leaves
and tender twigs, which are chewed for their stimulating
effect (Megerssa et al., 2013). Ethiopia is widely believed
to be the world’s largest producer of khat (Seyoum,
2015). More than two million farmers are engaged
in khat farming, most of whom are smallholders. The
scarcity of farmland combined with the proﬁtability of
khat (Teklu et al., personal communication) explains the
surge in khat cultivation among smallholder farmers
across the country (Dessie, 2013).
Enset and khat are important crops for the livelihoods
of the smallholders in the home garden systems and
have received little attention so far. Monitoring impacts
of innovations and their implications on the liveli-
hoods of smallholder farmers require rapid and reliable
means of quantifying the yields of these crops.
Existing studies on enset have focused on its man-
agement and ecological roles (Brandt et al., 1997),
genetic pool and landraces (Tesfaye, 2008a, 2008b)
and its carbon sequestration potential (Negash et al.,
2013). The studies on khat dealt with the impact of
the plant on public health (Geresu, 2015), livelihood,
policy and trade conditions (Dessie, 2013; Njiru et al.,
2013; Kandari et al., 2014). The laborious and compli-
cated harvesting and processing procedures of enset
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(Tsegaye & Struik, 2001) and the piece-meal harvesting
of khat (Feyisa & Aune, 2003) have been reported as
major challenges for reliable yield assessments. Never-
theless, little attention has been given to develop easy
ways of estimating the yields of both perennial crops. A
recent study reported allometric models for the above and
belowground biomass of enset (Negash et al., 2013), but
neglected its processed edible products called kocho and
bula. Allometric equations using simple measurable plant
variables as predictors for edible or commercial plant
yield are time-saving tools providing valuable informa-
tion for identifying productivity challenges and solutions
for improving smallholders’ food production and cash
income.
The overall objective of this study was therefore to
develop and evaluate allometric models for estimating the
edible and commercial yields of enset and khat grown in
home gardens of southern Ethiopia.
Materials and methods
The study was conducted in the Sidama zone
(5∘45’–6∘45’N and 38∘5’–39∘41’E) of Southern Nations
Nationalities and Peoples’ Regional State (SNNPRS),
southern Ethiopia. Traditional Enset-oriented and newly
evolving Khat-based home gardens are the prevalent
farming systems (Teklu et al., personal communication).
Measurement of plant structural variables and biomass
Enset
A total of 20 enset plants from four farms (ﬁve enset
plants from two farms in each of the mid-altitude and
highland agro-ecology) were selected randomly for mea-
surement and harvesting. The two agro-ecologies are
characterised by predominant clay-loam to silt-loam
soils in the mid-altitude zone (1500–2300 m a.s.l.) and
sandy-loam to sandy-clay soils in the highland zone
(2300–3200 m a.s.l.). The 20 enset plants covered the
different landraces and age range of harvestable enset in
the study area of 3–7 years after transplanting. Before
felling the diameter of the pseudostem was measured
with a calliper at a height of 20 cm (the height where the
stem is widest, d20), at 50 cm (diameter, d50), at 130 cm
(breast height, d130) and at edible pseudostem height (dep)
(Table 1). Edible pseudostem height (hep), pseudostem
height (hp) and total height (ht) were measured with
a tape measure and crown height (hc) was calculated
by subtracting hp from ht. The total height refers to the
distance from the ground to the distal lamina of the last
leaf to emerge. After measuring, the sample plants were
dug up and separated into three components: corm, pseu-
dostem and foliage. The corm is the edible underground
portion of enset plants. The pseudostem is formed of leaf
sheaths, lying one over the other in a concentric fashion;
the foliage (leaf) component is comprised of the petiole,
leaf midribs and leaf lamina. The fresh weight of each
component was determined on-site and samples were
taken to the laboratory, chopped, sun dried for 5–6 days
and then oven dried at 65∘C for 24 h. To obtain kocho
from the pseudostem, the common processing procedure
by farmers was followed. The pseudostem was cut into
several pieces and the pulp (parenchymatous tissue) was
scraped using a sharp-edged bamboo tool. The corm was
pulverised using a wooden tool with a ﬂat sharp edge. The
scraped pseudostem mixed with pulverised corm of each
plant was stored in a pit for 18–21 days for fermentation.
A small separate pit was dug to collect the ﬁne starchy
liquid draining from the mixture in the large pit. The ﬁne
starchy liquid was sun dried and the resulting ﬂour is
called bula. Bula was collected from 14 enset plants, as it
can only be extracted from older plants (>4 years of age).
After 3 weeks of fermentation, the fresh kocho and bula
were collected and weighed on-site. To determine the dry
weight content, a sample of kocho and bula was taken to
the lab, sun dried for 5–6 days and then oven dried at
65∘C for 24 h.
Khat
Marketable leaves and twigs of khat were collected for
two different khat growth habit types: tall khat is grown
for 3–4 years up to a height of 4 m without pruning and
dwarf khat is pruned at an earlier stage and maintained at
a maximum height of 1 m. For each type, samples were
taken from 50 plants (ﬁve khat plant from 5 farms of each
mid-altitude and highland agro-ecology) on the harvest-
ing day. The 100 khat plants captured the genetic variabil-
ity in the region by covering the three different ecotypes
known as ‘wondo beleche’, ‘wugigra’ and ‘chenge’, which
are all three managed as dwarf or tall plants. The diam-
eter at a height of 10 cm (basal diameter, d10), at 130 cm
(breast height, d130), crown width in two directions (the
widest diameter and its perpendicular), crown height (hc)
and total height (ht) were measured (Table 1). Marketable
leaves and twigs were harvested from each plant and
weighed on-site. All leaves and twigs were taken to the
laboratory, sun dried for 2–3 days and then oven dried at
65∘C for 24 h. In case of multi-stemmed plants, each stem
was measured and the equivalent diameter of the plant
was calculated using the formula developed by Snowdon
et al. (2002) as:
de =
√√√√ n∑
i
di2 (1)
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Table 1 Summary statistics of crop structure variables of harvested enset and khat plants
Parameters Mean Minimum Maximum SD
Enset (n=20)
d20 (cm) 47.1 26 60 10.6
d50 (cm) 39.2 16 57 13.4
d130 (cm) 26.4 14 40 8.0
dep (cm) 22.4 14 30 5.0
Edible pseudostem height (m) 1.670 0.60 3.28 0.669
Pseudostem height (m) 2.174 0.80 3.60 0.778
Crown height (m) 3.161 1.05 6.20 1.502
Total height (m) 5.335 2.82 8.79 1.703
Dwarf khat type (n=50)
d10 (mm) 17.31 9.7 29.7 4.68
Crown area (m2) 0.195 0.07 0.35 0.071
Total height (m) 0.745 0.45 1.03 0.161
Tall khat type (n=50)
d10 (mm) 61.88 27.1 185.8 24.18
d130 (mm) 44.08 10.5 154.3 25.41
Crown area (m2) 0.757 0.26 1.33 0.264
Crown height (m) 1.207 0.47 2.73 0.443
Total height (m) 2.453 1.31 3.64 0.555
SD= standard deviation of the original data.
where de= equivalent diameter, n=number of stems,
i= 1, 2,… ,n and di = single stem diameter of the same
plant at a selected height.
Crown area was calculated as follows, assuming an
elliptic crown shape:
ca = 𝜋
(
l w
4
)
(2)
where ca= crown area (m2), l= crown length (m),
w= crown width (m)
Allometric model development
Allometric linear regression models using untransformed
and log-transformed data were determined for each of
the food products (kocho and bula) and feed product
(foliage) of enset and the leaves and twigs of khat. When
the original data did not show a linear pattern, log
transformations of the data were performed. Single log
transformations based on the response variable (biomass
component) only and double log transformations based
on both the biomass and crop structure variables were
performed. Model performance was tested using the
adjusted coefﬁcient of determination (adj. R2), root mean
square error (RMSE), prediction residuals sum of squares
(PRESS), index of agreement (D) and absolute bias (AB)
(Kozak & Kozak, 2003). These model ﬁt statistics were
calculated based on all observations that were used in
constructing the models.
adj.R2 = 1 −
(
1 − R2
) (n − 1)
n − p − 1
(3)
R2 = 1 −
n∑
n=1
(
Yi − Ŷi
)2
n∑
n=1
(
Yi − Y
)2 (4)
RMSE =
√√√√√√
n∑
n=1
(
Yi − Ŷi
)2
n
(5)
PRESS =
n∑
n=1
(
Yi − Ŷi,−i
)2
(6)
D = 1 −
n∑
n=1
(
Ŷi − Yi
)2
n∑
n=1
(|||Ŷi − Yi||| + |Yi − Yi|
)2 (7)
AB =
n∑
n=1
|Ŷi − Yi|
n
(8)
where n=number of observations, i=1, 2,… ,n;
p=number of predictors, Yi is the observation of the
response variable, Yˆi is the predicted value of Yi, Y is
the average of Yi, Yˆi,−i is the prediction of the i
th data
point by an equation that did not make use of the ith
point in the estimation of the parameters. A good model
has high adj.R2 and D and low RMSE, PRESS and AB
values.
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Model selection
To select the best performing models, ﬁrst-cut model
selection criteria were applied. The approach was to select
linear models consisting of one or more crop structural
variables as predictors of the crop biomass. This selection
was obtained with the leaps package in RStudio (RStu-
dio, 2015) based on two algorithms; the ﬁrst based on the
highest adjusted R2 and the second based on the lowest
BIC (Bayesian Information Criterion). Dependent on the
adjusted R2, the 10 best performing models were listed
for more detailed analysis. This was done for both the
single and double log transformation, yielding around 20
models per response variable. Only models with coefﬁ-
cients signiﬁcantly different from zero were retained. This
prerequisite was not applied to the intercept. The mod-
els were ranked according to each goodness-of-ﬁt statistic
and then the ranks were summed. The lowest total rank-
ing value was deemed to indicate the best model. The
best predictor of the crop structure variables was plotted
against the plant biomass and the equal spread of points
in residual plots was evaluated. For simplicity in use and
interpretation of the equation, a linear model is preferred
over non-linear models for this study. These models could
be used as a basis for developing enset and khat crops
growth or yield simulation models.
Results
The ﬁve best performing models for kocho, bula, foliage
of enset and leaves and twigs of dwarf and tall khat are
shown in Table 2. The single log transformed model with
d50 performed best for dry weight of kocho. The model
explained up to 89% of the variation in kocho dry weight.
The double log transformed model for kocho dry weight
using pseudostem height (hp) and crown height (hc) com-
bined with diameter variables (d20 and d50) had a slightly
smaller adjusted R2 of 0.87 (Table 2). The combination
of d50 with two height variables in a double log trans-
formed model explained 85% of the variation in bula
dry weight. The same combination in a single log trans-
formed model performed only slightly worse. The other
models which combine d50 with hc and d50 with ht, respec-
tively explained 78% and 79% of the variation in bula
dry weight (Table 2). The double log transformed model
including d50 combined with height variables explained
72% of variation in foliage dry biomass. The linear model
performances for edible products of enset plants were bet-
ter than the foliage (Table 2). The best performing kocho
and bula dry biomass models had index agreement (D)
values greater than 0.94 and values of less than 0.5, 4
and 0.4 for RMSE, PRESS and AB, respectively, indicat-
ing a good agreement between modelled and measured
biomass values of all models.
Of the four diameter variables (d20, d50, d130 and dep)
diameter at 50 cm height (d50) was the best predictor
variable for kocho, bula and foliage. Diameter at breast
height (d130) and diameter at edible pseudostem height
(dep) were not included in any of the models for kocho,
bula and foliage. Of the four height variables (hep, hp, ht
and hc) pseudostem height (hp) and total height (ht) were
not included in the ﬁve best performing models for kocho,
whereas all height variables were included in those for
bula and foliage (Table 2).
The single log transformed models combining crown
area (ca) and total height (ht) performed best for dwarf
khat leaves and twig weight while models using only
ca performed best for tall khat (Table 2). The models
explained 77% and 43% of the variation in leaf and twig
dry weight for dwarf and tall khat, respectively. Both
diameter at basal height (d10) and diameter at breast
height (d130) were not included in any of the mod-
els. The adjusted R2 and index of agreement (D) values
of untransformed models for tall khat improved when
crown height (hc) or total height (ht) was included, how-
ever, the degree of agreement in terms of RMSE, PRESS
and AB between modelled and measured biomass values
decreased (Table 2).
Similar to kocho and bula, log transformed models per-
formed well for predicting leaf and twig dry weight of
khat. The overall degree of agreement between modelled
and measured biomass values of the ﬁve best perform-
ing models decreased in the order: kocho > bula > dwarf
khat > enset foliage > tall khat dry weight prediction. The
adjusted R2 and index of agreement (D) values for the
models estimating the dry weight of the edible enset parts
was higher than those for the enset foliage and khat dry
weight (Table 2). Linear models had substantially higher
adjusted R2 for enset and dwarf khat and their residual
plot showed a better equal spread around zero compared
to tall khat (Table 2, Fig. 1).
Discussion
The best performing models explained 84%–89% of the
variation in kocho, 78%–85% in bula and 60%–72% in
foliage dry biomass (Table 2). These values are higher
than those reported by Negash et al. (2013) for the pseu-
dostem and corm components of enset, from which kocho
and bula are processed and for foliage biomass of enset.
The model performance of the linear allometric equations
derived in this study is comparable and sometimes better
than the non-linear models developed for biomass com-
ponents of enset reported by Negash et al. (2013). The
good performance of the linear models in this study could
be related to the sampling of all harvestable age ranges
(3–7 years) of enset plants, unlike the focus on only
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Figure 1 Relationships between basal diameter (d50) and kocho dry weight (ln(dwk)) and enset leaf (ln(dwl)) (A, B), crown area (ca) with leaves and twigs dry
weight (ln(dwt)) for dwarf and tall khat type (C, D) and their corresponding plots of residuals (E, F, G and H), respectively.
3- and 5-year enset plants by Negash et al. (2013). Diam-
eter measurements were better predictor variables for
kocho than height, indicating that kocho yield is more
inﬂuenced by diameter growth than by the height
growth. This is similar to the ﬁndings of another study,
which reported a strong correlation between pseudostem
biomass and diameter (Negash et al., 2013). Bula yield
was best predicted by combined measurements of diam-
eter and height variables, indicating that the yield is
inﬂuenced by both diameter and height growth. This
is in line with Tsegaye and Struik (2003) who reported
a strong correlation of pseudostem circumference and
height variables with pseudostem and corm, which are
the enset components from which bula is extracted. This
is also in line with the observations that bula is only
harvested from older plants (>4 years).
To our knowledge, there is no information on either
quantitative determination of khat yield or an attempt to
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predict its biomass using allometric equations. The khat
yield is mostly expressed in terms of ﬁnancial returns
(Feyisa & Aune, 2003), which do not enable the quantiﬁ-
cation of ﬁeld or farm level dry matter production. Crown
area turned out to be the best predictor for leaf and twig
dry weight of both dwarf and tall khat plants, which
seems logical, because the harvestable leaves and twigs
constitute the crown. Among the height variables, total
height (ht) was the best predictor for dwarf khat plant
while it was not for tall khat plants (Table 2). This implies
that dwarf khat twig yield is inﬂuenced by expansion of
crown area and height growth while the tall khat leaf and
twig yield is mainly inﬂuenced by crown area expansion.
This may be related to the management practices such as
growing multiple stems by pruning at lower height for
dwarf khat and growing of a single stem plant at larger
height with larger crown area for tall khat (Table 1). The
observed higher values of RMSE, PRESS and AB with
the inclusion of height variables in the model developed
for tall khat plants implies lower performances of model
equations in predicting leaf and twig dry weight of khat
plants.
Destructive sampling of enset is difﬁcult due to its size
and the lengthy harvesting and processing procedure.
For khat, the difﬁculties lie in farmers’ refusal to sam-
ple, which is related to costs and protectiveness. In such
situations, allometric equations can help to rapidly quan-
tify the yields of these crops, and quantify the produc-
tivity of home garden systems, which has rarely been
done (Kumar & Nair, 2004). This helps to explore sustain-
able development options in order to improve social and
economic development of smallholder farmers. In addi-
tion, allometric equations can be a basis for the devel-
opment of crop growth simulation models. This requires
monitoring of biomass growth over time, for which allo-
metric relations, based on simple measurements of plant
structure can be used. Allometric equations for banana,
a crop resembling enset, were successfully developed and
applied to assess the water and nutrient limited banana
production (Taulya, 2013) and to develop a banana
growth simulationmodel in Uganda (Nyombi et al., 2009).
We purposively sampled enset and khat plants from the
existing range in agro-ecological conditions, land races
and age classes. Hence, notwithstanding the small sample
size, the allometric equations derived for these plants can
be applied reliably to assess the yields of the diverse land
races or ecotypes grown under a wide range of biophysical
and management conditions.
Conclusion
The log transformed linearmodel including diameter (d50)
performed best for predicting kocho dry weight while
models including d50 and height variables predicted bula
and foliage dry biomass best. The log transformed linear
model including total height (ht) and crown area (ca) was
the best performing model for predicting leaf and twig
dry weight of khat. The performance of linear models
was better for enset biomass prediction compared with
khat. Simple linear equations based on easily measurable
crop structure variables can provide reliable predictions
of harvestable biomass for enset and khat plants grown in
home gardens of southern Ethiopia. This paves the way
for a thorough quantiﬁcation of the productivity of home
gardens.
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